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model, or, in theory, any other entity capable of catalyzing replication of a template) and the 83 replicase recognition signal (RRS) . 84 Evolvability is a fundamental and inescapable property of such a replicator-replicase system 85 [41]. To be evolvable, a system must possess three basic properties: 1) heredity (whereby the 86 location of progeny in the phenotype space is correlated with that of the parents), 2) variability 87 (whereby the progeny is not identical to the parents), and 3) differential reproduction (whereby 88 the capability of a replicator to leave progeny is part of the phenotype). Heredity is ensured by 89 replication with fidelity above the error catastrophe threshold. The replicator theory that was 90 developed primarily by Eigen and colleagues demonstrates that, under simple fitness landscapes, 91 there exists a replication fidelity threshold, below which the master sequence in a population of 92 replicators cannot be efficiently passed across generations, so that the entire population collapses 93 [42, 43] . Elucidation of the molecular mechanisms of primordial replication that could provide 94 for crossing the error catastrophe threshold remains a daunting task that is central to the entire 95 origin of life field. However, for the purpose of the present discussion, we assume that a 96 sustainable replicator system with a minimally acceptable fidelity has evolved. 97 Variability is ensured because, at any temperature above 0 K, any process is subject to entropy-98 increasing fluctuations and, therefore, replication is inherently error-prone, under the second and 99 third Laws of Thermodynamics.
100
Differential reproduction ensues from the fact that the replicator encodes the replicase that, in 101 turn, copies the replicator itself. Mutations in both RES and RRS can affect the efficiency of 102 replication.
103
If the resources that are available to the system are limited (i.e. the system does not support 104 unlimited growth of all possible constituent parts), competition between individual replicators 105 ensues and selection arises. In a system with finite memory storage, all information exchange, 106 transfer and utilization processes carry memory clearing cost of at least kTln2 J/bit, where k is 107 Boltzmann constant and T is temperature (the existence and value of this minimum information 108 cost is known as Landauer's principle that is a corollary of the Second Law of 109 Thermodynamics); in all known systems, this cost is many orders of magnitude higher [44] [45] [46] .
110
Therefore, selection for cost reduction acts not only on the constituent parts of the system, but 111 also on the information transfer processes themselves, effectively ensuring an upper limit on the 112 fidelity of information recognition.
113
Selection acts on both RES (eliminating replicators encoding inefficient replicases) and RRS 114 (eliminating replicators that are inefficient as templates, e.g. are poor replicase-binders), but 115 these two selection processes act on the replicator through physically different agents (the 116 replicator-encoded replicase and the replicator itself, respectively).
117
The dual nature of the replicator (acting as both the template and, directly or indirectly, as the 118 replicase) necessitates that the information embedded in the RES and RRS is realized via 119 physically different processes. The RES guides the formation of the replicase which, in turn, 120 recognizes the RRS. Such recognition implies comparing the RRS in the replicator with some 121 form of memory encoded in or attached to the replicase ( Figure 2 ).
122
A general, simple way of parasite emergence involves skipping part of the RES during 123 replication, resulting in a shorter replicator that consists of the RRS and, in the extreme, nothing 124 else ( Figure 3 ). This straightforward mechanism for parasite evolution is inspired by and is 125 similar to the process of RNA shrinking that was observed during in vitro evolution in the classic 126 early experiments of Spiegelman and colleagues [47] [48] [49] .
127
Under the scheme in Figure 3 , parasites emerge as long as the information content of the RRS is 128 less than that in the full replicator, i.e. when the RRS is at least partially separable from the RES.
129
If this is the case, a replicator containing the full RRS, but omitting at least some of the RES 130 (RRSp ≡ RRS, RESp -> 0; the subscript 'p' denotes the respective signals in the parasite), would 131 not only serve as a template as efficient as the original replicator, but would also enjoy an 132 evolutionary advantage because replication of the smaller replicator is faster and requires less 133 resources (building blocks, such as nucleotides, and energy). This makes the parasite-free 134 equilibrium point of the replicator-parasite system unstable because deletion of any part of the 135 RES yields more efficient replicators ( Figure 4) . Therefore, the system is vulnerable to parasite 136 invasion, and moreover, such an invasion is inevitable under a non-zero parasite emergence rate 137 (see Appendix for a more formal demonstration).
138
It appears that, under this scheme, the only way to render the replicase-producing replicator 139 parasite-protected is to make the RRS to include the entire RES (Figures 2 and 4 ). Such 140 RRS ≡ RES configuration evidently rules out the emergence of a parasite because any mutation 141 of the RES would also inactivate the RRS and prevent replication.
142
However, such a parasite-protected state is subject to the aforementioned instability ( Figure 4 ).
143
In the absence of parasites, perfect protection does not carry any benefits, but incurs a greater 144 cost than less protected states. Given that the system is evolvable, an RRS < RES state will 145 inevitably arise and outcompete the RRS ≡ RES progenitors that are, as shown above, prone to 146 emergence of genetic parasites (RRSp ≡ RRS, RESp -> 0).
147
From a more abstract perspective, the fully protected RRS ≡ RES system corresponds to the 148 maximally constrained, i.e. minimum entropy, state. The second law of thermodynamics 149 effectively guarantees that it evolves into a higher entropy state, such that RRS < RES, and at 150 least some parts of the RES can be mutated or deleted without compromising replication. The 151 ensemble of higher entropy states is obviously more robust than the unique RRS ≡ RES state. In 152 biological parlance, the higher entropy states are favored by selection via the 'survival of the 153 flattest' route [50] . They will necessarily prevail because there are plenty of such states with 154 similar fitness values, whereas the RRS ≡ RES state is singular. However, the problem with the 155 'relaxed' states of the replicator is that they are no longer protected from parasites because a 156 parasite now can evolve that would exploit the RRS without producing the replicase (Figure 3 ).
157
The Third Law of Thermodynamics dictates that the minimum (zero) entropy state can be stable 158 only at 0 K. Under the detailed correspondence between thermodynamics and population 159 genetics [51], the equivalent of temperature is the inverse effective population size, and 160 accordingly, 0 K corresponds to an infinite population, which can exist only as an abstraction.
161
Thus, in any realistic population, a parasite-free replicator system is inherently unstable and 162 either goes extinct or rapidly spawns parasites ( Figure 4 ). The latter case inevitably triggers the host-derived replication machinery [52, 53] .
170
It should be noted that, because, at least in the simplest replicator system, the replication rate is 171 inversely proportional to the genome length, the parasite have an intrinsic advantage in the arms 172 race. In the well-mixed case, the preferential replication of parasites drives the host to extinction 173 which, obviously, results in the collapse of the entire system (no replicase is produced anymore) .
174
However, compartmentalization can stabilize host-parasite systems. Thus, parasites, drive 175 evolution of biological complexity [37] [38] [39] 54] .
176
There seems to be a symmetry between the hypothetical, minimum entropy, parasite-resistant 177 replicator and the ultimate parasite with RRSp ≡ RRS, RESp ≡ 0, another minimum entropy state, 178 this one being the theoretical end result of the competition between parasites (Figure 3) . As a 179 minimum entropy state, the ultimate parasite cannot be evolutionarily stable either. The Costs and compromises of anti-parasite defense 191 The thought experiment described above also answers the question whether a perfect defense 192 system can exist. A perfect self vs non-self discrimination, whereby a replicator possesses the 193 means to reject or destroy any potential cheater, that is, any sequence other than a perfect copy of 194 itself, is nothing but the same parasite-protected system with recognition based on the complete 195 information on the self, i.e. RRS ≡ RES. We have already shown above that such a system is 196 evolutionary unstable from pure thermodynamic considerations because it provides no benefit in 197 the absence of parasites, and will inevitably devolve to an RRS < RES configuration ("leaky" 198 defense).
199
The existence of an unavoidable cost implies that maintenance of any form of defense is subject 200 to a cost-benefit tradeoff. Notably, a recent quantitative assessment of the selection coefficients 201 (a measure of fitness cost) associated with different classes of genes in microbial genomes has 202 shown that defense systems are as costly as the more benign SAGEs, such as transposons [30] .
203
This result seems to be a genome-scale reflection of the intrinsic costliness of defense dictated by 204 thermodynamics. In the actual biological context, this cost can be manifested in different forms, 205 such as autoimmunity or interference of defense systems with HGT. The curtailment of HGT, in 206 particular, could be a key factor that makes defense systems costly and causes their repeated loss 207 [32] . However, at the bottom of it all seems to be the thermodynamic cost of information.
208
Certainly, defense is not the only process associated with an information cost. Such cost is 209 intrinsic to all processes of information transmission including replication, transcription, 210 translation, as well as signal transduction. However, loss of genes encoding those other functions 211 is often strongly deleterious to the organism, resulting in positive mean selection coefficients for 212 the respective classes of genes [30] . This is not the case for defense systems because, of which 213 the mean selection coefficient values for the defense genes are negative [30] , and in accord with 214 this observation, defense genes are lost in the course of evolution significantly more often than 215 genes of other functional categories [55] . Due to these fitness costs, evolving organisms cannot 216 build up defense systems to the extent that is required to eliminate parasites (Figure 4) . In the above, we demonstrate that a parasite-protected state, one in which RRS≡RES, is 221 thermodynamically unstable. The inevitability of the emergence of parasites and their subsequent 222 persistence follows from this demonstration. To present the argument succinctly and quasi-223 formally:
224
(1) The two signals that are essential in a replicator system, RRS and RES, are encoded in 225 different genomic sequences. (2) Thus, at least some parts of the RES can be deleted without inactivating the RRS. Hence 228 genetic parasites emerge.
230
(3) The shorter the genome sequence of a genetic element the more efficient its replication is.
231
Hence parasites accumulate in a replicator system and may bring it to collapse in a well-mixed 232 case.
234
(4) A perfect defense system should, in the least, be able to recognize parasitic elements, i.e. The more general model that we consider here also includes the existence of a (potentially 273 costly) defense system:
where R and P are the concentrations of the replicator and the parasite particles, respectively, eR 277 and eP are the corresponding decay rates and K is the environment carrying capacity (the 278 replicator growth rate is taken to be 1 without loss of generality). The parasite enjoys an 279 evolutionary advantage that is manifested in two ways: it both replicates faster and consumes 280 fewer resources by the same factor q (the simple conceptual model of this effect is based on an 281 RNA molecule that is shorter than the replicator by a factor of q). The parasite replication is Figure 1 . A replicator-replicase systems with heredity, variability and differential reproduction.
434
The dotted arrow denotes differential reproduction of the copies of the original replicator that 435 carry mutations. 
